be expressed as the sum of two terms, i.e. ds:/dt = pE:~ · + oE:~ , where ~; and ~~are constants for a particular powder system at fixed temperature, p is the relative densification rate and o is the applied stress.
For the low stresses used, the volumetric densification rate is almost independent of o. The effective viscosity for creep, n~, defined as l/ E:~ has a .;;trong exponential dependence on porosity, P, and may be expressed as nc = exp(-11.2P). If the effective viscosities for creep and densification are the same, then the sintering stress, I , may be evaluated. I reaches a maximum at p -0.82 then decreases at higher values of p. For a constant applied stress, the ratio of the creep rate to the densification rate is independent of temperature. This indicates that both creep and densification in glass powder compacts have th~ same temperature activation energy. 
Scherer
•s model appears therefore to have broad appl icabi 1 ity. The model has also been applied to the sintering of a body wHh a bimodal pore size distribution11 and to the sintering of a porous glass 1 ayer on a rigid ~ubstrate.12. Rec~ntly, RabinovichlS has compiled a review of the sintering of glass.
The effect of small stresses on the sintering behaviour of glass powder compacts has not been studied before. This paper seeks to· address .this problem. It describes the simultaneous creep and densification behaviour during the sintering of glass powder compacts using the loading dilatometer techniquel6 in which a small, measured, uniaxial stress is applied to the sintering compact. The dependence of the creep rate and the densification rate on applied stress and temperature is explored. A subsequent paper17 considers the effect of the particle size of the glass powder. In addition to providing a better understanding of. sintering and creep phenomena in glass, this work wil 1 also be relevant to glass systems in which transient stresses develop during sintering, such as substrates and composites. The 
II. EXPERIMENTAL PROCEDURE
A commercial soda-lime glass P.owder* was used in this work. The powder was air-el assified into narrow size fractions and these were examined using a scanning electron micoscope to determine their average particle sizes. A size fraction with a 4J..lm average particle size was chosen for these experiments (see Fig. 1(a) , Reference 17) . The powders were uniaxially pressed at-20 MPa into cylindrical compacts (6mm diameter by 6mm) with relative densities of 0.55t0.01. About 10 v% of Carbowax** was used as binder.
Compacts were sintered in air for-2 to 3 hours in a loading di 1 atometer.l6
Loads can be held constant to within ±0.5% for the duration of the experiment. Typically, the glass compact was placed in position, and, after the furnace had reached the working temperature, the sample was introduced into the outer zone of the furnace (at -350 °C) to allow burnout of the binder. After -30 min, the sample was quick 1 y introduced into the hot zone of the furnace. The 1 oad on the compact was applied rapidly and the axial shrinkage and the temperature were recorded continuously. The mass and dimensions of the compacts were measured before and after they were sintered, and the final densities were measured using Archimedes• principle. In a separate set *owens-Illinois, Perrysburg, OH 43551 **union Carbide Corporation, New York, NY 10017
1\11
of experiments, sintering was terminated after times between 0 and 3 hours. The dimensions of these compacts were measured using a micrometer and the fracture surfaces were examined using scanning electron microscopy.
Generally, to explore the effects of smal 1 applied stresses, experiments were performed at a constant temperature of 605° C and for stresses between 0 and 30 kPa. To study the effect of temperature, experiments were performed at two temperatures, 58~C and 605°C, at an applied stress of 9 kPa.
X-ray diffraction measurements were performed on the glass powder and on the sintered material. For these, the sintered compacts were crushed and ground to a fine powder using a mortar and pest 1 e. CuKa radiation was used at a scanning rate of 1° 28 m~n-1.
The density of the bulk glass was also measured. About lOg of glass powder was placed in a platinum boat and heated to 1300°C at a rate of -lS°C/min, in a nitrogen atmosphere. After -20 min at this temperature, the samp 1 e was s 1 owly coo 1 ed to room temperature. The glass sample was then removed and its density measured using Archimedes• principle.
The X-ray diffraction results showed no difference in phase compost ion between the starting glass powder and the sintered samples. 5 The complications of phase changes during sintering can therefore be eliminated from the considerations of this work. The density of the bulk glass obtained by melting the gass powder was 2.43±0.01 Mgm-3, and this figure will be used as the theoretical density. Friction-between the push rods and the sample led to a small deviation from cylindrical geometry in a narrow region of the samp 1 e near its contact surf aces.
The diameter near the contact surfaces was slightly larger than that along the rest of the sample. These deviations from cylindrical geometry were sma 11 in a 11 experiments and decreased with increasing applied stresses of 9, 18 and 27 kPa. As noted earlier forp~ the small applied stresses have almost no effect on d~dt. On the other hand, at any P, dddt increa~es with increasing a. In fact, a small i ncr ease i n a of 18 k P a (from a = 9 to a = 2 7 k P a) causes an i ncr ease in dddt by a factor of-2. Similar to the observations for Cdo,17 it is seen that sma 11 uni axi a 1 (or shear) stresses cause extensive shape changes (creep) but have relatively little effect on the volumetric dens ification rate. Both dp/dt and dddt at the two temperatures were calculated using the same procedure as that outlined in Section III(a) above.
III. {b) EFFECT OF TEMPERATURE
Generally, d P/dt and d£/dt, at any p, increase with increasing temperature. The mast important resu 1 t is shown in Fig. 7 , where the ratio of the creep rate to the 1 inear densification rate, i.e.
(dddt}/ (l/3p}dp/dt is plotted vs pat 58(fC and 605°G. It is seen that this ratio is almost independent of temperature. This indicates that both the creep process and the densification process have the same temperature activation energy. Such a finding is quite plausible since it is believed that both creep and densification in glass occur by the same mechanism of viscous flow.
It is worth noting the contrasting effects of uniaxial (or shear)
stress and temperature on creep and d~nsification in glass. Creep processes are more easily activated by stress compared to densification processes. On the other hand, temperature activates both processes equally. Therefore, temperature cannot be used to vary the ratio dddt to ~dt. To accomplish this, applied stress and/or particle size17 of the powder should be changed.
IV. DISCUSSION
To explore the functional dependence of de/dt on a, the results of --·----·Fig. 5 may be replotted as de/dt vs a at different values ofp. This is shown in Fig. 8 . It is seen that de:/dt increases 1 inearly witha, in agreement with the predicted stress dependence for a Newtonian viscous flow mechanism. A remarkable aspect of the creep data is that they extrapolate to a significant total creep rate at zero applied stress. This extrapo 1 a ted creep rate depends on the compact density.
In fact, if the extrapolated creep rate is plotted against the relative densification rate, p(=d~dt), a 1 inear proportionality is evident, Fig. 9 . Thus, at applied stresses above 10 where E and f: are constants for a particular powder system at a fixed As a consequence of the interaction between creep and densification, we should also write dp/dt = p(E) = + p(cr)
Eqn. 2 where p(I) and p(o) represent the contributions to dp/dt from the sintering stress, I, and from cr, respectively. The sintering stress is . 
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